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ABSTRACT 
Variable-speed, fixed-pitch wind turbines are required to 
optimize power output performance without the 
aerodynamic controls. A wind turbine generator system is 
operated such that the optimum points of wind rotor curve 
and electrical generator curve coincide. In order to obtain 
maximum power output of a wind turbine generator system, 
it is necessary to drive the wind turbine at an optimal rotor 
speed for a particular wind speed. In fixed-pitch variable-
speed wind turbines, wind-rotor performance is fixed and 
the restoring torque of the generator needs to be adjusted to 
maintain optimum rotor speed at a particular wind speed 
for maximum aerodynamic power output. In turbulent wind 
environment, control of wind turbine systems to 
continuously operate at the maximum power points becomes 
difficult due to fluctuation of wind speeds. Therefore, 
special emphasis is given to operating at maximum 
aerodynamic power points of wind rotor. In this paper, the 
performance of a Fuzzy Logic Maximum Power Point 
Tracking (MPPT) controller is investigated for applications 
on variable-speed fixed-pitch small- scale wind turbines. 
INTRODUCTION 
Variable-speed wind turbines are generally characterized as 
having higher efficiency than fixed-speed wind turbines and 
hence are becoming more popular, particularly for small 
wind turbines. Typically, variable-speed wind turbines are 
aerodynamically controlled, usually by using power 
electronics, to regulate the torque and speed of the turbine 
in order to maximize the output power. Variable-pitch 
aerodynamically controlled wind turbines are more costly 
and complex. Therefore, variable-speed fixed-pitch 
approach is becoming more popular for low cost 
construction and is the most common scheme for small 
wind turbines. In this scheme, a MPPT control mechanism 
is used to control the restoring torque of the electrical 
generator for optimum operation of the wind turbine system 
[1]. The performance of variable-speed fixed-pitch wind 
turbines could be optimized without the need for a complex 
aerodynamic control. These turbines are usually operated 
such that the relevant optimum points of wind rotor curve 
and electrical generator curve coincide, as shown in Figure 
1. Therefore, in order to obtain maximum output power 
from the turbine, it is necessary to drive it at an optimal 
rotor speed for a particular wind speed.  
CONTROL STRATEGIES  
Wind speed, turbine rotational speed and turbine rotor 
characteristics are the main factors that determine the 
maximum power points. The electrical-generator 
characteristics may be used in order to control the restoring 
torque to track the optimum operation points. If wind speed 
is varied from V1 to V2, the rotor speed should be changed 
from ω1 to ω2 for optimum operation of the wind turbine 
(see Figure 1). However, rotational speed of the wind 
turbine cannot be changed instantaneously. Usually, a 
controller that employ wind speed sensor (or in some cases, 
sensor-less control) is used to control the wind turbine. In 
systems that employ wind speed sensors, the sensor 
provides the reference signal to the MPPT controller. This 
reference is compared with the power extracted from the 
wind energy converter. In sensor-less control technique, no 
anemometer is used to provide the wind speed information; 
hence, it is essential to estimate the wind speed. The 
generator output frequency and power or torque mapping 
techniques are used to track the MPP [2]. Another way for 
MPP tracking is the use of “searching” method, which is a 
suitable strategy for small wind turbines [3, 4]. The latter 
operates without knowledge of system parameters. The 
output power is used as feedback signal for the perturbation 
& observation algorithm, which is used to find the 
maximum power point of the system.  
 
 
 
 
Figure 1-   Operating points of wind power system 
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AERODYNAMIC CHARACTERISTICS OF THE 
ROTOR  
Based on the wind turbine aerodynamic behaviour, the 
turbine catches only a part of the kinetic energy contained 
in the wind [5]; that is: 
pa CvRP .....2
1 32πρ=                  (1) 
Where Pa is captured power by the rotor, R is the radius of 
the rotor, ρ is the air density and v is the speed of the 
incident wind. The proportion of the useful power is defined 
by the power coefficient Cp, which for a given wind rotor 
depends on the pitch angle of the rotor blades and on the tip 
speed ratio (λ) defined as: 
sv
R.ωλ =      (2) 
where   ω is the rotational speed of the rotor  
 
The rotor aerodynamic characteristics are represented by the 
Cp - λ relationship. Cp has a maximum value for an optimal 
tip speed ratio value (λopt). Near the optimum tip speed 
ratio, the power extraction is maximal at any wind speeds 
that results in the maximum power coefficient. For variable 
speed wind turbines; when wind speed varies, the rotor 
speed should be adjusted proportionally to maintain 
optimum tip speed ratio for maximum power extraction. 
Using equation (1) aerodynamic torque (Ta) by a wind rotor 
can be obtained as follows: 
   
λπρ
p
a
C
vRT .....
2
1 23=              where 
v
R.ωλ =  
Ta CvRT .....2
1 23πρ= ,     (3) 
Where  CT - the torque coefficient, Ta-Aerodynamic torque 
of rotor. 
 
The Cp & CT - λ relationship of the wind turbine is shown in 
Figure 2. 
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Figure 2-   Wind rotor characteristics 
The, aerodynamic torque of a wind turbine is function of 
wind speed (v) and rotational speed (ω) of the rotor. For 
wind turbine-generator systems with a gearbox, the 
mechanical torque (the torque supplied to the generator) can 
be expressed as:  
),(. ωvfKT =  
where K is the gear ratio of the gearbox.  
For small scale wind turbine generators, there is no gearbox 
and hence K=1.  
 
RESTORING TORQUE OF THE GENERATOR  
Restoring torque of an electric generator can be derived 
from the electromagnetic torque developed by the rotor of 
generator. The generator torque (which is define as a 
negative motor torque) is a function of generator current 
(IG), magnetic flux linkage and number of pole pairs [6, 7]. 
For a particular generator, magnetic flux linkage and 
number of pole pairs are fixed parameters. Therefore, 
restoring torque of a generator (Te) can be varied by 
controlling the current. 
)( Ge IfT =    
MAXIMUM POWER POINT TRACKING 
CONTROL MECHANISM 
Input mechanical power curve of the generator, would be 
adjusted to tally with the maximum power points of the 
rotor curves by varying the effective electric load on the 
generator. The system output power is interlaced with the 
wind turbine aerodynamic power and rate of change in the 
mechanically stored energy. As the efficiency of the electric 
generator is variable, searching method estimation of the 
aerodynamic power from the electric output of wind turbine 
system is difficult.  
 
For maximum power tracking: 
ea TJT += ω&.                   (4) 
Then, 
ηωω
e
a
PJP += .. &  (as ωη .. ee TP = )  (5) 
where J is Momentum of inertia of rotating parts, η is the 
efficiency of the electric generator, Pe is the power output of 
the generator. 
The function of Maximum power point tracker is to provide 
the required load on the generator for optimum operation of 
the system. A schematic diagram of the Maximum Power 
point Tracker is shown in Figure 3. 
By considering the Buck/Boost DC-DC converter (shown in 
Figure 3); 
Voltage ratio 



−−= D
DVV GB 1
        (6) 
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and the corresponding current 
 

 −−=
D
DII GB
1     (7) 
where 



+= offon
on
TT
TD                   (8) 
VB is voltage at DC bus, VG is voltage at generator side, IB is 
current flow towards the DC bus, IG is current flow from the 
generator side (see Figure 3). 
Since the duty ratio "D" is between 0 and 1 the output 
current and voltage can vary between lower or higher than 
the input voltage in magnitude. The negative sign indicates 
a reversal of the output voltage. 
 
 
 
Figure 3-   Schematic of small wind power system 
FUZZY LOGIC CONTROLLER 
Fuzzy logic is derived from Fuzzy set theory dealing with 
reasoning that is approximated (rather than precisely 
deduced) from classical predicate logic. Fuzzy Logic rules 
are used to control the restoring torque of the generator by 
considering dω/dt and dPe/dω. The control criterion is 
demonstrated in Figure 4. Related Fuzzy sets and Fuzzy 
rules are presented in Figure 5 and Table 1.  
Where; 
DH- Decelerate High  RM- Reduce Medium 
DL- Decelerate Low RL- Reduce Low 
ST- Steady  NC- Not Change 
AL- Accelerate Low   UL- Upgrade Low 
AH- Accelerate High UM- Upgrade Medium 
RH- Reduce High UH- Upgrade High 
 
For a particular wind speed, rotational speed and power 
output should be measured by considering time interval ‘t’ 
and then varying the rate of change value of ‘D’  (∆d) by 
using “fuzzy logic”. 
dDD ∆+= 12      (9) 
 
 
Figure 4- Control criteria 
 
 
Figure 5- Related Fuzzy sets 
Table1- Fuzzy rules 
Inputs output  Inputs Output 
dt
dω  ωddP  ∆d  dtdω  ωddP  ∆d 
DH DH NC  AL ST NC 
DL DH UM  AH ST NC 
ST DH NC  DH AL RM 
AL DH UM  DL AL RL 
AH DH UH  ST AL NC 
DH DL UM  AL AL NC 
DL DL NC  AH AL RM 
ST DL NC  DH AH RH 
AL DL UL  DL AH RM 
AH DL UM  ST AH NC 
DH ST NC  AL AH RM 
DL ST NC  AH AH NC 
ST ST NC     
dt
dω
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SIMULATION STUDY 
A small wind turbine produced at the National Engineering 
Research & Development Centre (NERDC) in Sri Lanka 
was simulated in MATLAB/SIMULINK using measured 
wind speed data in a turbulent wind conditions. System 
specifications are given in the Appendix. Performances of 
system with the Fuzzy Logic controller and fixed voltage 
system were compared. Simulated performances are shown 
in Figure 5. 
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Figure 5- Simulated performance of the wind turbine 
 
Simulated results show that, system with Fuzzy Logic 
controller performs better than that with fixed voltage 
system. With the given wind speed data, energy output over 
1000 s period is 2793.52 J with a  Fuzzy controller and 
18881.39 J with a fixed voltage controller. That is, 47% 
more energy can be generated by the system with a Fuzzy 
controller.  
DISCUSSION & CONCLUSION 
Techniques that employ wind sensors are relatively 
expensive, but they perform well with wind speed 
variations, particularly when the control system responds 
quickly to variation in wind conditions. However, in 
practice it is difficult to accurately measure wind speed by 
an anemometer installed closed to the wind turbine, because 
the wind turbine experience different forces due to wake 
rotation. Therefore, it is useful to here a sensorless control 
strategy for small wind turbine systems that operate without 
predetermined turbine characteristics. “Perturbation & 
observation searching method” operates without knowledge 
of system parameters. However, it is difficult to acquire 
optimum operating points from outputs of the wind turbine, 
as mechanically stored energy is interlaced with the 
aerodynamic power of wind rotor. In this paper, fuzzy logic 
based MPPT control system is introduced for small wind 
turbines. Fuzzy sets and fuzzy rules were developed by 
considering qualitative quantities of wind turbine outputs to 
track optimum operating points of the system. Research 
outcome shows that the proposed Fuzzy controller performs 
better than conventional controller.  
APPENDIX 
Specifications of the NERDC small wind turbine;      
Capacity    : 100W  
Radius of the wind rotor   : 1.105m 
Number of blades   : 2 
Moment of inertia of rotating parts (I) : 9.77kg.m2 
Fixed voltage    : 12V 
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